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In this paper "well-to-pump" environmental analysis of pyrolytic diesel from Miscanthus gigantheus is performed. The average annual yield of Miscanthus from III-V year of cultivation on 1 ha of chernozem soil in Serbia (23.5 t) is considered as an input for the process. Two pyrolytic diesel pathways are considered: distributed pyrolytic pathway with external hydrogen production (from natural gas) and integrated pyrolytic pathway with internal hydrogen production (from pyrolytic oil), and are compared to a conventionally produced diesel pathway. The results of the analysis reveal that integrated-internal pyrolytic diesel pathway has lowest resources consumption and lowest pollutant emissions. Compared to conventionally produced diesel, integrated-internal pyrolysis pathway consumes 80% less of fossil fuels, and 92% more of Renewables, has 90% lower Global warming potential (GWP), 30% lower Terrestrial acidification potential (TA) but 38% higher Particulate matter formation potential (PMF). Compared to the distributed-external pathway, 88% less fossil fuels, and 36% less Renewables are consumed in the integratedinternal pathway, GWP is 97% lower, TA is 20% lower and PMF is 49% lower. Nevertheless, this pathway has high coal and hydroelectrical power consumption due to electricity production and high emissions of particulate matter, CO 2 , SOx, and N 2 O. Another drawback of this production pathway is the low yield of diesel obtained (38% lower than in distributed-external pathway). With this regard, it is still hard to designate production of diesel from fast

Introduction
In terms of climate change mitigation, production of biofuels and their use as a substitution for fossil fuels have become even more appealing in the last few decades. These fuels, are mainly derived from biomass: "first generation biofuels" were produced from sugar-starch crops and oil crops, and "second generation biofuels" from lignocellulosic biomass such as crop residues, woody crops or energy grasses [1] . For second-generation biofuels two different production technologies can be applied: biochemical conversion, which includes biomass fermentation process and thermochemical conversion, which includes gasification and pyrolysis of a biomass feedstock [1] . Pyrolysis of a biomass represents a thermal decomposition in the absence of oxygen, in which three main products are obtained: liquid fuel (crude bio-oil), biochar and non-condensable gasses (CH 4 , CO) [2] [3] [4] . For pyrolytic diesel production, it is important to ensure high yields of the liquid phase. This can be obtained if the following conditions are met: finely ground biomass feedstock for increased heat transfer rates at the reaction interface; carefully controlled pyrolysis reaction temperature of around 500°C and vapour phase temperature of 400-450°C; short vapour residence times of typically less than 2 seconds (fast pyrolysis) and rapid cooling of the pyrolysis vapours (quenching) [3] . Obtained pyrolytic crude bio-oil is a dark brown liquid composed of a very complex mixture of oxygenated hydrocarbons and a significant amount of water which originates from both the original moisture and reaction product [5] . In order to be used as a biofuel, high amount of oxygen in crude bio-oil has to be reduced in a process called "hydrotreating" (stabilization), and heavy molecules (30 or more C atoms) of the oil has to be broken down to smaller chains similar to diesel (C12) or gasoline (C8), in a process called "hydrocracking" (upgrading) [2] . Both "hydrotreating" and "hydrocracking" processes are taking place in a hydrogen-rich environment; hydrotreating is performed within pressure range of 7-10 MPa and temperature range of 300°-400°C, using a cobalt-molybdenum catalyst and hydrocracking is performed within pressure range of 10 -14 MPa and temperatures range of 400°-450°C, using a nickel-molybdenum catalyst [2] . Hydrogen used in these processes may come from an external source (e.g., steam methane reforming of natural gas) or from an internal source by reforming co-produced fuel gas or a fraction of the pyrolysis oil [6] . Burning of pyrolytic co-products, biochar, and non-condensable gasses can provide heat and electricity for the pyrolysis process itself.
Most used feedstock for pyrolytic oil production are rape and sunflowers, herbs residue, rice husk, cotton stalk, corn stalk, sugarcane bagasse and coconut shell, wheat straw, switchgrass (Panicum virgatum), Miscanthus (Miscanthus x giganteus Greef et Deu.), willow (Salix viminalis), beech wood (Fagus sylvatica) and recently, microalgae [7, 8] . Environmental assessment of pyrolytic bio-oil (diesel and gasoline) production and/or use has been discussed in several studies [6, [9] [10] [11] [12] [13] [14] [15] . Available data on production of pyrolysis bio-oil (yields of pyrolysis products, required energy, GHG emissions, etc.) mainly refer to the corn stover [6, 9, 11, 14] or wood and forest residues [6, 9, 10, 12, 13, 15, 16] which represent the most studied biomass feedstock for pyrolysis.
In this paper, production of diesel from fast pyrolysis of Miscanthus giganteus in a fluidized-bed reactor is considered. Miscanthus giganteus is a perennial grass, widely used as a bioenergy crop due to high biomass yields, good biomass quality for the combustion and low GHG emissions compared to fossil fuels [17] [18] [19] [20] [21] [22] . Cultivation of Miscanthus in Serbia has started on only several experimental plots with different types of soil, such as chernozem and eutric cambisol [23] providing high biomass yields. Several studies have shown that the cultivation of Miscanthus for energy purposes has great potential in Serbia [23] [24] [25] [26] . So far, use of Miscanthus for fast pyrolysis process has been discussed in several papers which are mostly focussing on the identification of optimal conditions for obtaining high crude bio-oil yields [8, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] where stabilization and upgrading phases of crude Miscanthus bio-oil are omitted. Also in these studies, no environmental analysis of Miscanthus bio-oil is performed.
This study represents a life cycle assessment of pyrolytic diesel production from Miscanthus which is cultivated on 1 ha of agricultural land in Serbia. According to ISO 14040 standards, the definition of the goal and scope of the study, the life cycle inventory analysis phase, the life cycle impact assessment phase and the life cycle interpretation phase are defined and described in sections below.
Goal and scope of the study
The main goal of this study is to quantify relevant environmental impacts occurring from the production of pyrolytic diesel from Miscanthus giganteus crops and to examine if the production of Miscanthus pyrolytic diesel is a more environmentally favorable option than the conventional production of diesel. Another goal is to quantify how much pyrolytic diesel can be obtained from 1 ha of Miscanthus plantation in Serbia in order to approve or disapprove cultivation of Miscanthus for energy purposes in Serbia. A "well-to-pump" life cycle analysis is performed, considering all potential environmental threats, from raw materials extraction ("well") to the production and transportation of diesel fuel from the plant to the pump [37] . Well-to-pump analysis of Miscanthus diesel starts with land preparation for rhizomes planting, cultivation, harvesting and balling of Miscanthus crops, considers transport of bales to the pyrolysis plant where biomass feedstock is prepared for the pyrolysis process, and after the pyrolysis, transport of produced diesel to the pump. The analysis is conducted by using data on Miscanthus yields cultivated on chernozem experimental field in the northern part of the Serbia [23, 26] , by analysing secondary data (from relevant publications) and by employing, expanding and modifying the corn stover pyrolytic distributed-external diesel pathway integrated in Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET) model (developed by Argonne National Laboratory, (USA)) [6, 38] . Cultivation of Miscanthus on chernozem is chosen due to the availability of data for cultivation on this type of soil [23, 25, 26] and to the fact that in Serbia large area of set-aside arable land covered with chernozem (60,000 ha in the northern part) are available, where cultivation of Miscanthus in one part of this land is considered not to jeopardize the food supply [39, 40] . Corn stover pyrolytic pathway is chosen due to the similar morphology of the biomass feedstock. For the comparison with conventionally produced diesel, the corresponding pathway from GREET model is used [38] . For sensitivity analysis, the integrated-internal pyrolytic pathway is considered, where lower emissions and resources consumption is expected.
Functional unit
In order to quantify how much pyrolytic diesel can be produced from the annual yield of Miscanthus cultivated on 1 ha, the functional unit in distributed-external diesel pathway is average annual Miscanthus yield from III-V year of cultivation on 1 ha of chernozem soil in Serbia, i.e., 23.5 t (85% d.m.) [41] . In comparison with conventional diesel pathway, the functional unit is the energy content of the produced pyrolytic diesel obtained from 23. 
Inventory analysis
Miscanthus pyrolytic diesel pathway (Distributed, external H 2 source)
Miscanthus life cycle is divided into several operations: 1) Miscanthus cultivation phase 2) transportation of Miscanthus biomass from the field to the pyrolysis plant; 3) grinding of biomass; 4) drying of biomass; 5) pyrolysis and stabilization (hydrotreating) of crude bio-oil; 6) hydrocracking and formation of stable pyrolysis product -pyrolytic fuel; 7) transportation of fuel from plant to pump. Detailed input/output matrix is presented in Tab. 1.
According to own unpublished results for cultivation of Miscanthus on 1 ha of chernozem in Northern Serbia, 3 kg ha -1 yr -1 of herbicide is needed, same as 333 kg ha -1 yr -1 of fertilizer, 180 m 3 yr -1 of water (for irrigation) and around 120 kg ha -1 yr -1 of diesel for agricultural operations (harrowing, plowing, planting, fertilization, irrigation, harvesting and balling). These inputs are included in the Miscanthus cultivation phase. After harvest, balling and drying in the field, Miscanthus bales are transported to the pyrolysis plant by a truck. The distance between the field and the plant is assumed to be 50 km since the transportation by truck is profitable for distances up to 100 km [42] . Fast pyrolysis is considered to take place in a biorefinery plant (which is not part of the existing oil refinery) where processes of stabilization and upgrading are separated (Distributed Refinery Scenario). The first step in biomass processing in the bio-refinery plant is grinding. Considering common assumption of 50 kWh of energy needed for grinding one ton of biomass [43] [27, [30] [31] [32] 36, 44] , data for corn stover are considered and modified [6] . Based on the energy and mass balance of processes in a corn stover pathway, the appropriate inputs and outputs of the corresponding processes in a Miscanthus pathway are calculated considering different functional unit. Hydrogen used for both hydrotreatment and hydrocracking is obtained by reforming of natural gas (NG). Heat for pyrolysis, stabilization and upgrading processes is obtained from combustion of pyrolysis coproducts, biochar, and fuel gas [2, 6] . Finally, 9.85 t of pyrolysis fuel is obtained and further transported by a truck to the pump, considering 50 km of distance. Transport by truck tkm 9.85x50 distance between pyrolysis plant and fuel pump is 50 km
Conventional diesel pathway
For the comparison with the conventional diesel fuel production, GREET pathway "Conventional diesel from Crude Oil" is chosen [38] . The GREET pathway considers the entire production process of diesel, from the pet coke, bitumen, shale oil, synthetic crude oil and crude oil together with all transportation processes (by rail, barge, pipeline and ocean tanker) and the use of NG, electricity, and diesel. After being produced, diesel is exported to Serbia. With this regard, the final transportation process has been modified and considers transoceanic transport by a tanker between the USA and Europe (from Portland, Maine till the Rotterdam, Netherlands) with a distance of 3,175 nmi. From Rotterdam till the Belgrade, transportation of diesel by railway is considered (distance 1,800 km).
Miscanthus pyrolytic diesel pathway (Integrated, internal H 2 source)
In order to lower the impact of the diesel production, sensitivity analysis is done and another production scenario is created. This scenario considers the integrated production of pyrolytic diesel, in which the reactions of stabilization and cracking are occurring together, on the same location, and the internal hydrogen production. Namely, hydrogen for the pyrolysis can also be obtained from the bio-oil itself. Pyrolitic bio-oil consists of a lighter fraction, aqueous phase, and a heavier fraction consisting mostly of lignin [4] . The heavier fraction is separated by gravity and the remaining, lighter fraction is being mixed with the steam and sent to a "high-temperature pre-reformer" where it converts into "syngas" or synthetic gas. Synthetic gas, together with methane, is further sent to the reformer where the hydrogen is formed [4] . The drawback of this pathway is the lower yield of pyrolytic oil obtained compared to external hydrogen production pathway. Considering estimations given by Wright et al. [2] where 38% of the bio-oil has to be reformed into hydrogen in order to upgrade the remaining bio-oil, in the internal hydrogen production scenario, 6 t of pyrolytic oil is obtained.
Impact assessment
Environmental analysis in well-to-pump life cycle considers quantification of pollutant emissions, such as: carbon-dioxide (CO 2 ), volatile organic compounds (VOC), carbon monoxide (CO), nitrogen oxides (NOx), Particulate matter 10 and 2.5 micrometres in diameter (PM10, PM2.5), sulphur-oxides (SOx), methane (CH4) and nitrous oxide (N 2 O). Based on these emissions three impact categories are calculated: Global Warming Potential (GWP), Terrestrial acidification (TA) and Particulate matter formation potential (PMF). Characterization factors for global warming potential for 100 years time scale (CO 2 eq) : CO 2 =1; CH 4 =25kg CO 2 ; N 2 0=298kg CO 2 are taken from IPCC (AR4) [45] , characterization factors for terrestrial acidification potential for 100 years time scale (SO 2 eq) for NOx = 0.56 kg SO 2 and characterization factors for particulate matter formation (PM 10 eq): NOx = 0.21 kg PM10; SO 2 = 0.19 kg PM10 are taken from ReCiPe impact assessment method [46] . The environmental analysis also quantifies depletion of resources along the production pathways such as: crude oil, natural gas, coal, forest residue, pet coke, hydro electrical power, nuclear energy, geothermal energy, wind energy, bitumen and shale oil. For better transparency, resources consumed are grouped into Fossil fuels and Renewables.
Results and discussion
The results of well-to-pump analysis quantifying emissions and resources depletion from Miscanthus pyrolytic diesel production in Distributed Refinery Scenario with an external source of hydrogen are presented in the Tab. 2 and on Fig. 1 and Fig. 2 . The most environmentally burdensome operation in Miscanthus pyrolysis diesel pathway is the hydrostabilization process, due to the high amount of NG used for hydrogen production, around 322 GJ, Tab.1. The highest impact comes from the NG life cycle itself, since modified GREET pathway for corn stover considers the entire life cycle of the diesel used for non-road applications (in commercial boiler, stationary reciprocating engine, turbine, etc.) and the entire life cycle of the electricity (distributed -U.S. mix) consumed in NG pathway. For both cases, the highest contribution comes from the use of nonrenewable energy sources. Since the NG used in the analyzed pathway is produced in the USA, electricity mix for this country is considered, where 34.30% of electricity is being produced from coal, 31.92% from NG, 20.38% from Nuclear power, 6.35% from Hydro energy, 4.79% from Wind energy, 0.62% from Oilfired systems, 0.57% from Solar energy, 0.5% from Biogenic waste, 0.43% from Geothermal energy and 0.16% from Biomass. Electricity used for the mill in Miscanthus grinding operation is considered to be is produced in Serbia (standard Serbian electricity mix is considered) where 70% of electricity is produced from coal and 30% from hydro energy. Second most burdensome operation in Miscanthus pyrolysis diesel pathway is the production, i.e., cultivation phase of Miscanthus crops where the highest impact comes from production and transportation of herbicide and fertilizer, in which high amount of crude oil, pet coke, bitumen and shale oil are consumed, together with high consumption of Renewables. Since Miscanthus crop has to be irrigated, highest consumption of water is registered in this phase of a pathway (60% of total water used in the pathway). Pyrolysis and stabilization phase has the highest emissions of pollutants except for the N 2 O and SO 2 , which are highest in the Miscanthus production phase. This is due to high consumption of diesel with high sulfur content for non-road applications such as agricultural machinery, commercial boiler, stationary reciprocating engine, turbine, etc. As a consequence of fossil fuels consumption in the pathway, high emissions of CO 2 occur, around 15.4 t, Tab. 2. This can be diminished if carbon (C) sequestration potential from Miscanthus cultivation is considered, Tab 3. Data for the C sequestration potential is taken from the unpublished research of the same authors, where 5 t of CO 2 is considered to be sequestered from the 23.5 t of Miscanthus.
The results of the comparative well-to-pump analysis of distributed-external H 2 diesel production pathway and conventional diesel pathway are presented in Tab. 3 and Fig. 3 and Fig. 4 . [46] e -Characterization Factors for particulate matter formation (PM 10 eq): NOx = 0.21 kg PM10; SO 2 = 0.19 kg PM10 [46] . All considering pollutant have higher emissions in distributed pyrolytic diesel pathway. In the conventional pathway: 63% less CO 2 , 60% less VOC, 63% less CO, 55% less NOx, 78% less PM10, 72% less PM2.5, 73% less SOx and 87% less N 2 O are emitted compared to the distributed pyrolytic pathway, Fig. 3 . Considering the emissions of SO 2 they are almost 100% higher in distributed pathway due to high consumption of diesel with high sulfur content (for non-road applications such as a commercial boiler, stationary reciprocating engine, turbine, etc.), Tab. 2. In both pathways, emissions of CO 2 are the highest: 10.4 t and 6 t, for pyrolytic diesel production and conventional diesel production, respectively. In all three investigated impact categories, conventional diesel production pathway expresses lower impact: in GWP 43% lower, in TA 20% lower and in PMF 49% lower. On the contrary, this production pathway has the highest resource consumption, Fig. 4 . Almost 97% lower consumption of crude oil, pet coke, bitumen and shale oil and also 78% lower consumption of forest residues, nuclear, geothermal, solar and wind energy are detected in pyrolytic pathway compared to the conventional pathway. The only exceptions are consumption of natural gas, coal and hydroelectric power which are less consumed in the conventional production of diesel, 84%, 95% and 98%, respectively. As previously stated, a huge amount of NG is needed for hydrogen production for upgrading and stabilization process and high amount of coal and hydroelectric power are used for electricity production in Serbia, 75.35 GJ, Tab. Comparison of the Miscanthus integrated-internal pyrolytic diesel production with conventionally produced diesel is presented in the Tab. 2, and Fig. 5 and Fig. 6 . Utilization of coal, hydroelectrical power and water are still highest for the integrated-internal pathway, i.e., 92%, 96% and 92%, lower in the conventionally diesel production pathway, respectively. All other resources are less consumed in this pathway: around 85% less nuclear, biomass, wind, solar and geothermal energy and 97% less crude oil, pet coke, bitumen, shale oil and natural gas. Considering emission of pollutants, VOC, CO, NOx, CH 4 and SO 2 are still less emitted in integrated-internal diesel pathway, 62%, 61%, 30%, 84% and 97%, respectively, and unlike in the previous case, CO 2 emissions are 90% lower compared to the conventional diesel pathway, resulting in 90% lower GWP. Emissions of PM10, PM2.5, SOx, and N 2 O are lower in conventional pathway: 19%, 68%, 59%, 30% and 56%, respectively, resulting in 38% lower PMF, but the emissions of SO 2 are almost 100% higher in integrated-internal pathway, resulting in 30% lower TA for this pathway. In total, 80% less fossil is consumed in the integrated-internal pathway, while 92% less renewables are consumed in conventional diesel pathway. Comparison of the Miscanthus integrated-internal H 2 production pathway, with distributedexternal H 2 production pathway, is presented in Tab.3 and on Fig 7. and Fig. 8 drawback of the internal H 2 production is the lower yields of diesel, but the advantage is in lower resources consumption and in lower pollutant emissions, Tab. 2. Since no NG is needed for stabilization and upgrading phases, almost 100% less of NG is used in integrated-internal diesel pathway, which also leads to 64% less consumption of coal, hydroelectrical power and water, 61% less consumption of crude oil, pet coke, bitumen and shale oil and 86% less consumption of forest residues, nuclear, geothermal, solar and wind energy compared to distributed-external diesel pathway. Considering emission reduction, in integrated-internal pathway 96% less CO 2 , 73% less VOC, 87% less CO, 65% less NOx, 40% less PM10, 33% less PM2.5, 67% less SOx, 93% less CH 4 , 78% less N 2 0, where SO 2 is equally emitted in both pathways. GWP, TA, and PMF are lower in the integrated-internal pathway, 97%, 65% and 49%, respectively. Consumption of fossil fuels is 87% less in integrated-internal diesel pathway and consumption of renewable energy sources is 64% less. 
Conclusion
In this paper, production pathway of pyrolytic diesel is constructed and the environmental analysis is performed by using GREET model. As an input, 23.5t ha -1 of Miscanthus giganteus annual yield is considered. Two different pyrolytic diesel production pathways are considered: distributed-external H 2 , where processes of stabilization and upgrading of fuel are separated and hydrogen is obtained from natural gas, and integrated-internal H 2 , where stabilization and upgrading of fuels are occurring together and hydrogen is obtained from the fraction of pyrolytic oil. Each one of these pathways is compared to a conventionally produced diesel pathway.
Results from three "well-to-pump" analysis show that the conventional diesel production pathway has the highest resource consumption and distributed-H 2 external pathway has the highest pollutant emissions. The main environmental impact in distributed-H 2 external pathway is caused by high consumption of natural gas (347 GJ) for the production of hydrogen which is used for upgrading and stabilization of diesel. In conventionally produced diesel pathway, the highest impact comes from utilization of crude oil, pet coke, shale oil, and bitumen, which are raw materials for diesel production. On the other hand, the advantage of this production pathway is high consumption of renewable energy resources (used for electricity production). Results of the analysis indicate integrated-H 2 internal pyrolytic pathway has the lowest specific environmental impact per consumed power unit. Even though emitting 90% less of CO 2 and 84% less of CH 4 , this production pathway has higher emissions of particulate matter (around 60%), sulfur oxides (30%) and nitrous oxides (56%) compared to the conventional production pathway due to high total power consumption. Likewise, the pyrolytic diesel yield is 38% lower than in distributed-H 2 external pathway. With this regard, it is hard to state that the production of diesel from Miscanthus gigantheus by fast pyrolysis will soon be able to replace conventional diesel production.
